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Summary
Objective: The aim of this study was to evaluate the e#ect of tissue load, frequency and load duration on the
biosynthesis and release of proteoglycans (PGs) as well as on the swelling behaviour of cultured mature bovine
articular cartilage superimposed with intermittent loads.
Methods: Cyclic compressive pressure was introduced for 1, 3 or 6 days using a sinusoidal waveform of 0.5 Hz-
frequency with a peak stress of 0.1, 0.5 or 1.0 MPa. The loads were applied for a period of 10 seconds (s) followed by a
load-free period of 10, 100 or 1000 s. The incorporation of [35S]-SO4 into glycosaminoglycans (GAGs) during the final
18 h, the content of GAGs and DNA as well as the deformation of loaded explants were determined.
Results: The PG synthesis is sensitive to changes in the loading conditions applied, whereas the release of newly
synthesized PG is not. A maximum PG synthesis is observed at day 3, and under load-free intervals of 100 s. After 6 days
of loading the release of endogenous PGs is significantly elevated, the viability of superficial chondrocytes decreased,
and cartilage swelling is observed.
Conclusions: Considering numerous reports of elevated PG levels synthesized as well as released from human and
experimental osteoarthritic cartilage, our results implicate that degenerative processes can also be mimicked by
applying well-defined mechanical conditions as described here.
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ARTICULAR cartilage serves as a load-bearing
material of joints, with excellent friction, lubri-
cation and wear characteristics. The proteoglycan
(PG) matrix, together with the collagen fibril
network, largely determines the biomechanical
properties of articular cartilage. Besides biologi-
cal processes, it is well recognized that mechanical
factors, such as tissue load and deformation are
prime mechanism modifying chondrocyte meta-
bolic response in the normal and pathological
state. In general, there seems to be a window of
physiological stress above or below which the
chondrocytes cannot maintain an adequate func-
tional matrix. For instance, normal mechanical
conditions result in little or no degenerative
changes over the lifetime of a human joint. How-155ever, under abnormal conditions, biomechanical
factors such as excessively high impact loads,
repetitively applied loads, joint immobilization
and instability, as well as abnormal range of
motion can alter the composition, structure and
material properties of articular cartilage [1–6].
Abnormal mechanical loads are believed to be an
important factor in the initiation and progression
of joint degeneration [7–9].
Using in-vivo models, the alterations of articu-
lar cartilage can be reliably quantified, but the
cellular mechanisms controlling those changes are
di$cult to examine and remain largely obscure.
In-vitro models o#er a more direct way to study the
cellular response to articular loading under con-
trolled circumstances. An important advantage of
in-vitro studies for biosynthetic experiments is
that they are a closed system, that the experimen-
tal conditions can be controlled more precisely,
and that the interindividual variability can be
reduced. Presently, limited studies exist combining
mechanical and biological systems to investigate
cartilage cell response in the native tissue. Carti-
lage explants and chondrocytes have been exposed
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pressure and stretching forces [10–14]. However,
only some investigations exist in which cartilage
explants were superimposed with intermittently
applied cyclic loads reporting an increased [15–24],
decreased [15, 19, 20] or no e#ect [15, 17] on PG
biosynthesis.
One of our long-term objectives is to manipulate
initially disease-free articular cartilage explants
with mechanical forces in order to achieve a
degenerative metabolism and morphology similar
to that seen in osteoarthritic cartilage for pharma-
cological studies. We recently reported [25] that
intermittent loading of cartilage explants can
induce an elevated synthesis and retention of
fibronectin similar to osteoarthritic conditions.
Therefore, the purpose of this study was to
measure systematically the e#ect of load ampli-
tudes, frequencies and load durations of inter-
mittently applied mechanical pressure on the bio-
synthesis and release of PGs as well as on the
swelling behaviour of cultured mature articular
cartilage explants using our recently reported
mechanical loading apparatus [26].Materials and methodsLONG TERM CARTILAGE EXPLANT CULTURES
In order to determine the optimal time to start
loading the explants, the maintenance of the pro-
teoglycan metabolism of bovine articular cartilage
explants cultured in supplemented and serum-free
Ham’s F-12 nutrient medium was investigated over
a period of 10 days. Under sterile conditions, eight
macroscopically healthy cartilage explants were
removed in full thickness from the weight-bearing
area of the metacarpophalangeal condyles of one
18–24 months old steer. Explants were cultured in
2.5 ml Ham’s F-12 nutrient media supplemented
with 2.5 mM HEPES, pH 7.2, 30 ìg/ml alpha-
ketoglutarate, 300 ìg/ml glutamine, 50 ìg/ml
ascorbate, 20 U/ml penicillin, 10 ìg/ml streptomy-
cin, 485 ìg/ml CaCl2#2H2O and the serum substi-
tute CR-ITS+= Premix (Collaborative Research
Inc., Bedford, U.S.A.) as described previously [27].
This medium was further supplemented with
1.0 mM Na2SO4 [28, 29], 2.5 ìg/ml amphotericin B
and 50 ìg/ml gentamycin. Explants were cultured
at 37)C, 5% CO2 and 95% humidity. One explant
(day 0) was incubated for 2 h before addition of
10 ìCi/ml [35S]-SO4 (DuPont de Nemours GmbH,
Bad Homburg, Germany) while the remainder of
the cultures were fed every second day or on the
final day of experiment (day 1, 2, 3, 4, 6, 8, 10). The
cultures were incubated for 2 h within fresh mediabefore addition of the radiolabeled precursor.
Incubation with 10 ìCi/ml [35S]-SO4 was continued
for another 18 h. Care was taken to keep the
preincubation time and labeling period identical
to the day 0 cultures. The incorporation of radio-
labeled precursor into glycosaminoglycans (GAG),
the content of GAGs and DNA as well as the
viability of explants were determined as described
below. This experiment was repeated nine times on
di#erent days.CYCLIC LOADING OF CARTILAGE EXPLANTS
A mechanical loading apparatus (Fig. 1) was used
to load cartilage explants over extended periods of
time as has been already described in detail [26].
Under sterile conditions, two macroscopically
healthy, full thickness cartilage discs of 7-mm
diameter were removed from the weight-bearing
area of one metacarpophalangeal condyle of a
18–24 month old steer. One explant was loaded
whereas the corresponding explant from the same
condyle served as control. In order to determine
the degree of compression during loading, the
thickness of explants was then determined twice in
the center of the cartilage using a PAV-digital-
caliper (model 856511, Go¨dde KG, Ko¨ln, Germany)
with a resolution of 0.01 mm and an accuracy of
&0.02 mm. In independent tests, explant swelling
was also measured by determining the specimen
thickness after excision and at 30, 60 and 120
minutes in culture media. The cartilage discs
swelled by 8.9&4.7% in 30 minutes, with no
changes afterwards. Cartilage explants were
placed into the specimen holders with the articu-
lar surface upright and were cultured in 2.5 ml of
the above described supplemented Ham’s F-12
nutrient media. The specimen holder with the
explant was lifted up until a contact with the load
platen was recognized by the displacement trans-
ducer system. The loading device was then pos-
itioned into a CO2-incubator (model 3039, Forma
Scientific Inc., Marietta, U.S.A.) for 2 h to allow
equilibration with the incubator’s environment
(37)C, 5% CO2 and 95% humidity). Intermittently
applied, uniaxial cyclic loading was introduced by
using an approximately sinusoidal waveform of
0.5 Hz-frequency and a peak stress of 0.1, 0.5 or
1.0 MPa for a period of 1, 3 or 6 days. The cyclic
loads were applied for 10 s followed by a load-free
period lasting 10, 100 or 1000 s. During the period
of unloading the load platen was lifted from the
cartilage surface. The degree of compression of
cartilage explants during loading was measured
using a displacement transducer system as pre-
viously described in detail [26]. In experiments in
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media were changed on day 3. Collected media
were stored frozen at "20)C in the presence of a
10% (v/v) protease inhibitors mixture containing
0.1 mM PMSF, 200 mM EDTA, 5 mM benzamidine/
HCl and 10 mM N-ethylmaleimide. During the last
18 h of the experiments, cartilage explants were
radiolabeled with 10 ìCi/ml [35S]-SO4. Unloaded
cartilage discs of the same condyle were cultured
in identically constructed loading chambers, and
served as controls.DETERMINATION OF PG SYNTHESIS
At the end of the radiolabeling period, media
were harvested and stored frozen at "20)C in
the presence of the 10% (v/v) protease inhibi-
tors mixture, until analyzed. The load platen
were extracted on a rocker for 48 h at 4)C
with 1 ml bu#er containing 4 M guanidinium
chloride, 50 mM sodium acetate, pH 5.8, 100 mM
6-aminocaproic acid, 5 mM benzamidine/HCL,
10 mM ethylenediaminetetraacetic acid (EDTA),
10 mM N-ethylmaleimide and 1 mM phenylmethyl-
sulfonyl fluoride (PMSF) [30], and stored frozen at
"20)C until analyzed. Cartilage explants were
washed three times with Gey’s balanced salt solu-
tion (GBSS) and stored frozen at "20)C in GBSS
together with 10% (v/v) protease inhibitors
mixture, until further analysis. Cartilage ex-
plants were digested for 4 h at 65)C with 1 ml
0.5 mg/ml papain digestion solution at a pH 6.5
containing 50 mM monosodium phosphate, 2 mM
N-acetylcysteine and 10 mM EDTA. 35SO4-labeled
PGs within the papain digested explants, media
and load platen extracts were determined by sep-
aration of free [35S]-SO4 from macromolecular
[35S]-SO4-labeled GAGs by size exclusion chroma-
tography on Sephadex> G-25 columns (Pharmacia
Biotech Europe GmbH, Freiburg, Germany). PG
synthesis was calculated from the total [35S]-SO4-
labeled GAGs found in the digested explants,
media and load platen extracts. PG biosynthesis
was normalized by tissue wet weight, incubation
time and sulfate concentration in the media,
and reported in ìmol of SO4 incorporation per
milligram wet weight per hour.QUANTITATION OF PGs AND DNA
Papain digested cartilage explants, culture
media, and load platen extracts (25 ìl aliquots)
were assayed for sulfated GAGs by the reaction
with 0.25 ml 1,9-dimethylmethylene blue dye solu-
tion in polystyrene 96 well plates and quantitated
with spectrophotometry at 523 nm using anELISA-plate reader. Chondroitin sulfate A from
bovine trachea (Sigma GmbH, Deisenhofen,
Germany) was used as the standard [31].
The DNA content of papain digested cartilage
explants were determined fluorometrically using
the bisbenzimidazol dye Hoechst 33258 as
previously described in detail [32].SWELLING BEHAVIOUR OF CARTILAGE EXPLANTS
As evidence of functional matrix damage, the
ionic stress-induced cartilage swelling was deter-
mined 2 h after the end of the experiments [33].
Cartilage explants were allowed to equilibrate for
1 h in 0.15 M NaCl solution and weighed, then in
0.01 M NaCl for 1.5 h and weighed again. The
swelling ratio respectively weights of explants in
0.01 M NaCl divided by the weights of cartilage
discs in 0.15 M NaCl was subsequently calculated
for unloaded control discs and for loaded explants.STATISTICAL EVALUATION
All experiments were repeated six times on dif-
ferent days unless otherwise indicated. The data
obtained from loaded explants were normalized by
values from unloaded controls and subsequently
analyzed with a one-way analysis of variance
(ANOVA) with Tukey’s method to compare means.
Significance was set at Pƒ0.05.ResultsLONG TERM CARTILAGE EXPLANT CULTURES
The GAG synthesis of bovine articular cartilage
explants remained constant during the 10 day
culture period as compared to the level of day 0
(Fig. 2). The release of newly synthesized proteo-
glycans from explants into the nutrient media on
day 10 of the culture period was unchanged when
compared to the day 0 values. Cartilage explants
remained viable as determined histochemically in
explants cultured for a 10 day period.PG SYNTHESIS, CONTENT AND RELEASE FROM LOADED
EXPLANTS
Intermittently applied, cyclic mechanical load-
ing of mature cartilage explants significantly
enhanced the incorporation of radiolabeled pre-
cursor into PGs compared with unloaded control
cultures (Table I; Fig. 3). This stimulation was
determined after three days of loading and was
independent from the applied magnitude of com-
pressive load. Release of newly synthesized as well
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FIG. 1. Schematic drawing of the loading chamber. The
cartilage explant is mechanically loaded using a porous
load platen connected to a load platen holder and an air
cylinder. Compression of cartilage during loading
increases to the same extend the distance between the
sensor and the target of the load displacement trans-
ducer system, and therefore enables the calculation of
the maximum strain of explants. Eight vents are incor-
porated to allow exchange with the incubator air under
sterile conditions.10
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FIG. 2. PG biosynthesis of bovine articular cartilage
explants cultured for 10 days in serumfree and supple-
mented Ham’s F-12 media. The incorporation of 35SO4
into GAGs per ìg DNA of cartilage explants cultured for
various time periods are normalized by the values
obtained from day 0 cultures. Data are mean
values&S.D. (N=9).as of endogenous PGs into the nutrient media was
not significantly a#ected by intermittent loading
compared to unloaded controls (Table II; Fig. 3;
ANOVA: P=0.08). The total PG content of allloaded explants was unchanged compared to
unloaded control discs (data not shown).
The duration of unloading significantly modu-
lated the incorporation of radiolabeled precursor
into PGs (Table I; Fig. 4; ANOVA: P=0.0007),
whereas the total PG content of the cartilage
explant cultures remained unchanged (data not
shown). The stimulation of PG synthesis in carti-
lage explants unloaded for 10 s was significantly
lower than in explants unloaded for 100 s (Table I;
Fig. 4; P=0.01); the elevated PG synthesis in carti-
lage explants unloaded for 1000 s between each
loading cycle was not significantly di#erent to
those explants which were unloaded for 10 or 100 s
(Table I; Fig. 4). Figure 4 demonstrates that there
is an optimal time period of unloading between
each loading phase to achieve a maximum stimu-
lation of PG synthesis on day 3. The release of
newly synthesized PGs as well as of endogenous
PGs into the nutrient media was not changed
compared to unloaded control cultures (Table II;
Fig. 4; ANOVA: P>0.05).
Figure 5 and Table I show that a stimulatory
e#ect of intermittently applied cyclic compressive
load on PG biosynthesis was only observed in
experiments in which explants were loaded for
three days (ANOVA: P<0.0001), whereas intermit-
tent loading for one or six days did not modulate
the synthesis of PGs. The total PG content of all
cartilage explant cultures remained unchanged
(data not shown). Figure 5 and Table II also
demonstrate that the release of newly synthesized
PGs into the nutrient media was not influenced by
increasing the duration of intermittent loading
compared to unloaded controls (ANOVA: P>0.05).
However, intermittent loading of explants for one
day significantly reduced the release of endogen-
ous PGs into the media, whereas a significantly
increased release of endogenous PGs into the
media was determined in experiments in which
explants were intermittently loaded for six days.
Table I shows that the DNA content of loaded
explants did not significantly di#er from those of
the unloaded controls.
SWELLING OF CARTILAGE EXPLANTS
Cartilage swelling was observed after six days of
loading (0.5 MPa, 0.5 Hz, 10 s pressure, 1000 s
unloading. Swelling ratio: explants loaded for six
days: 1.024&0.008, unloaded explants: 1.002&
0.019; Pƒ0.05; N=6). None of the other tested
loading protocols had any significant impact on
cartilage swelling.
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As determined after 8 h of loading, the degree
of compression of loaded explants increased non-
linearly during the rise of the maximum pressure
applied from 0.1 to 1.0 MPa (Table II; ANOVA:
P=0.0001). Reducing the duration of unloading
from 1000 s to 100 s or 10 s also elevated the maxi-
mum strain of cartilage explants (Table II;ANOVA: P<0.0001). After 8 h loading, the degree
of maximum compression remained constant dur-
ing the entire duration of experiments (data not
shown). The standard deviations shown in Table II
are in the range of &5% indicating that the
compression of loaded cartilage explants,
being initially 0.55&0.04 mm thick (N=42), are
reproducible under respective conditons.Table I
Effect of intermittently applied cyclic mechanical loading on PG biosynthesis as well as on the DNA content of articular
cartilage explants
E#ect of Loading
conditions
DNA content
(ìg/mg wet weight explant)
Sulfate uptake into GAGs
(ìmol S04/mg/h#10
"5)
Sulfate uptake
in % of control
Loaded explant Control Loaded explant Control
Load amplitude (10 s
loading, 1000 s unload-
ing, loading for 3 days)
1.0 MPa 0.23&0.05 0.24&0.02 3.71&0.67* 2.82&0.65 136&25*
0.5 MPa 0.28&0.06 0.33&0.09 3.16&0.49** 2.22&0.64 147&31**
0.1 MPa 0.23&0.05 0.26&0.05 3.47&0.48** 2.25&0.46 158&29**
Unloading period
(0.5 MPa, intermittent
loading for 3 days)
1000 s 0.28&0.06 0.33&0.09 3.16&0.49** 2.22&0.64 147&31**
100 s 0.26&0.04 0.29&0.04 3.97&0.74** 1.82&0.62 236&94**
10 s 0.25&0.01 0.26&0.04 3.49&0.88 3.10&0.50 112&24
Duration of loading
(0.5 MPa, 10 s loading,
1000 s unloading)
1 day 0.29&0.05 0.23&0.06 2.57&0.80 3.45&0.57 76&26
3 days 0.28&0.06 0.33&0.09 3.16&0.49** 2.22&0.64 147&31**
6 days 0.32&0.08 0.36&0.09 3.33&0.48 3.90&0.75 98&21
Cartilage explants were intermittently loaded as indicated. Radiolabeled GAGs were determined in media, load platen extracts and
cartilage explants. Data are expressed as mean values&S.D. Statistically significant di#erent from unloaded controls, *0.01<Pƒ0.05;
**0.001<Pƒ0.01.**
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FIG. 3. E#ect of di#erent stress levels on the PG biosyn-
thesis per ìg DNA, release of newly synthesized PGs into
nutrient media per ìg DNA, and release of total PGs
(endogenous and newly synthesized PGs as determined
by the DMMB-assay) into the nutrient media per ìg
DNA of cartilage explants, normalized by values
obtained from unloaded control cultures. Using a 0.5 Hz-
frequency and a sinusoidal waveform, a maximum pres-
sure ranging from 0.1 to 1.0 MPa was cyclically applied
on cartilage discs for 10 s followed by a period of unload-
ing lasting 1000 s. Explants were intermittently loaded
for three days. Data are mean values&S.D. (N=6).
Statistical significant di#erent from unloaded control
values: *0.01<Pƒ0.05; **0.001<Pƒ0.01. – –/– –, syn-
thesis of PGs; —-—, release of endogenous PGs;
– –5– –, release of 35S-labeled PGs.Discussion
We recently reported that intermittent loading
of cartilage explants induced an elevated fibronec-
tin synthesis and retention, thereby mimicking
some osteoarthritic characteristics. Our current
study concentrated on the biosynthesis and release
of PGs as well as on the swelling behaviour of
intermittently loaded mature articular cartilage
explants. We found that some intermittently
applied compressive loads can initiate an
increased synthesis and release of proteoglycans
as well as an ionic stress-induced accentuated
cartilage swelling.
The loading device used [26] was designed to
load cartilage explants perpendicular to its long
axis in radially-unconfined compression, rather
than displacement (strain) [15, 34] or hydrostatic
pressure [10, 11, 13, 14]. Loading of cartilage
explants was started on the day of slaughter, since
our preliminary experiments have shown that the
PG biosynthesis remained constant in vitro over
a period of at least 10 days. The overall stresses
acting in the bovine knee joint in vivo are
unknown, but it has been calculated that the static
compressive stress in the cow knee joint is approxi-
mately 0.8 MPa, and that the stresses acting on the
cartilage surface in species of widely di#erent sizes
160 J. Steinmeyer et al.: Intermittent loading of cartilage and proteoglycan metabolismTable II
Effect of intermittently applied cyclic mechaical loading on PG loss from cartilage discs as well as on the degree of
compression of explants
E#ect of Loading
conditions
Radiolabeled GAGs
in media and load platen
as % of total
Endogenous GAGs in
media and load platen
as % of total
Compression
(%)
Loaded explant Control Loaded explant Control
Load amplitude (10 s load-
ing, 1000 s unloading, load-
ing for 3 days) 1.0 MPa 8.5&2.5 10.9&2.9 12.5&3.0 8.6&2.7 20.5&2.2**
0.5 MPa 8.9&4.8 10.1&4.9 12.2&3.6 10.5&4.1 12.7&1.8**
0.1 MPa 13.2&3.1 12.5&3.0 9.7&2.8 10.5&1.9 6.2&2.1**
Unloading period (0.5 MPa,
intermittent loading for 3
days) 1000 s 8.9&4.8 10.1&4.9 12.2&3.6 10.5&4.1 12.7&1.8**
100 s 8.6&3.6 10.5&3.8 9.4&3.1 8.7&3.6 18.5&2.3**
10 s 10.0&3.4 9.9&4.3 10.9&4.5 9.6&2.9 23.2&6.0**
Duration of loading
(0.5 MPa, 10 s loading, 1000 s
unloading) 1 day 14.4&3.9 12.4&3.5 4.9&1.8*** 8.3&3.0 13.2&3.2**
3 days 8.9&4.8 10.1&4.9 12.2&3.6 10.5&4.1 12.7&1.8**
6 days 7.0&2.5 7.7&4.5 24.9&3.2** 18.5&3.3 12.9&2.7**
Cartilage explants were intermittently loaded as indicated. Radiolabeled and endogenous GAGs were determined in media, load
platen extracts and cartilage explants and the percentages of newly synthesized or endogenous GAGs outside the explants were
calculated. Data are expressed as mean values&S.D. Statistically significant di#erence from unloaded controls. *0.01<Pƒ0.05;
**0.001<Pƒ0.01; ***Pƒ0.001.are relatively constant [35]. The pressures used in
our experiments are ranging from 0.1 MPa to
1.0 MPa, which include stresses measured in the
human knee joint during walking (0.8–6.3 MPa)
[36, 37].
In our experiments, intermittently applied cyclic
loading markedly increased the PG biosynthesis
independent from the load amplitudes tested.
Previous studies [16–18] also reported that the
increased sulfate incorporation into PGs seems to
be independent from the load amplitude when
tested in the range of 0.1–2.0 MPa. The stimulatory
e#ect appeared to be dependent on the duration
of unloading, indicating that the optimal time
frame of unloading between each cycle lies in the
range of 10–100 s. Our results are in agreement
with those studies [15, 18–20] reporting that the
relationship between the duration of loading to
the time of unloading markedly influence the
biosynthetic activity of chondrocytes, resulting
in an increased, decreased or una#ected PG
biosynthesis.
We recently reported [25] that cartilage
explants, which were cyclically compressed with
0.5 MPa for 10 s followed by a period of unloading
lasting 100 s, displayed changes in the fibronectin
metabolism similar to those observed in human
and animal osteoarthritis. We found, that the
fibronectin synthesis, the retention of newly syn-
thesized fibronectin within the extracellular
matrix, and the portion of newly synthesizedproteins being fibronectin was significantly in-
creased in loaded explants compared to unloaded
controls. We speculated, that these changes repre-
sent a cellular response to mechanically induced
cartilage damage in an attempt to stabilize the
weakened extracellular matrix. The study of Sah
et al. [38] suggests that intermittent compressive
loading in vitro results in damage to collagen
fibers, and Ostendorf et al. [23] reported that
intermittent loading can induce the expression
of 3-B-3(") epitope in cultured bovine articular
cartilage explants, apparently a marker of early
events in the pathogenesis of osteoarthritis. Using
vital stains we recently demonstrated [25] that
under the chosen loading protocols the articular
surface contained a markedly reduced amount of
living cells. In this respect we speculate, that the
increase in PG synthesis observed in our study
could be a response to damage by death of the
surface cells. However, it is also possible that the
applied loads represent merely physiological
normal mechanical stimuli for chondrocytes to
produce elevated amounts of PGs.
We could detect a stimulatory e#ect of inter-
mittently applied cyclic loads only on day 3 of the
experiments. The time at which this stimulatory
e#ect ceases seems to be dependent on the loading
protocol. Larsson et al. [19] reported that the
increased incorporation of sulfate into PGs of
full-thickness calf articular cartilage explants,
loaded at a duty cycle of 2 s on/2 s o# (1.0 MPa),
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FIG. 4. E#ect of time of intermittence on the PG biosyn-
thesis per ìg DNA, release of newly synthesized PGs into
nutrient media per ìg DNA, and release of total PGs
(endogenous and newly synthesized PGs as determined
by the DMMB-assay) into the nutrient media per ìg
DNA of cartilage explants, normalized by values
obtained from unloaded control cultures. Using a 0.5 Hz-
frequency and a sinusoidal waveform, a pressure of
0.5 MPa was cyclically applied on cartilage discs for 10 s
followed by a period of unloading ranging from 10 to
1000 s. Explants were intermittently loaded for 3 days.
Data are mean values&S.D. (N=6). Statistical sig-
nificant di#erent from unloaded control values:
**0.001<Pƒ0.01; ***P<0.001. – –/– –, synthesis of PGs;
—-—, release of endogenous PGs; – –5– –, release of
35S-labeled PGs.6
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FIG. 5. E#ect of load duration on the PG biosynthesis per
ìg DNA, release of newly synthesized PGs into nutrient
media per ìg DNA, and release of total PGs (endogenous
and newly synthesized PGs as determined by the
DMMB-assay) into the nutrient media per ìg DNA of
cartilage explants, normalized by values obtained from
unloaded control cultures. Using a 0.5 Hz-frequency and
a sinusoidal waveform, a maximum pressure of 0.5 MPa
was cyclically applied on cartilage discs for 10 s followed
by a period of unloading lasting 1000 s. Explants were
intermittently loaded for 1 to 6 days. Data are normal-
ized by values obtained from unloaded control cultures.
Data are mean values&S.D. (N=6). Statistical sig-
nificant di#erent from unloaded control values:
**0.001<Pƒ0.01; ***Pƒ0.001. – –/– –, synthesis of PGs;
—-—, release of endogenous PGs; – –5– –, release of
35S-labeled PGs.ceased after three days of loading; whereas van
Kampen et al. [16] showed an increased PG biosyn-
thesis by calf cartilage-bone explants loaded at a
duty cycle of 1.5 s on/1.5 s o# as long as seven days.
These results imply that articular chondrocytes
may possess an inhibitory pathway for modulating
the mechanically induced PG synthesis in order to
produce an extracellular matrix able to comply
with the physical demand of the body.
Some investigations exist in which cartilage
explants were superimposed with intermittently
applied cyclic loads. These report either an
increase [15–24], decrease [15, 19, 20] or no e#ect
[15, 17] on PG biosynthesis. In synopsis, these
variable findings suggest, that a particular fre-
quency and duration of loading, respectively com-
pression, is required to elicit an anabolic response
in cartilage. A direct comparison with and
between these data is further impeded by di#er-
ences in the tissue under examination, such as
immature cartilage versus mature cartilage,
species di#erences, articular versus growth plate
cartilage, articular cartilage versus cartilage–
bone explants and cartilage explants with or with-
out the superficial layer. In addition, the pressures
used in some investigations have been rather lowcompared to the estimated loads acting in vivo on
e.g., human knee [36] or hip joints [39]; however,
although the pressures are low, the strains could
be quite similar to or even higher than those likely
to occur in vivo. Furthermore, the observed dis-
crepancies may be due to the time of radiolabeling
the explants (during or after loading of cartilage),
and/or the type of the mechanical systems used.
In addition, the overall time for tissue loading in
these studies ranges from a few hours to several
days.
Loss of endogenous PGs from cartilage explants
was markedly increased under prolonged duration
of loading; whereas the release of newly synthe-
sized PGs was una#ected. Loss of matrix com-
ponents may be triggered by direct physical,
chemical or cell-mediated mechanisms. Several
investigators have reported, that PGs lost into the
medium are more polydisperse and of smaller aver-
age size than PGs remaining in the tissue, and, in
addition, are predominantly unable to form macro-
molecular aggregates [40, 41]. In our study, the
reduction of endogenous PG loss during a 24 h
loading period may be due to a reduced di#usion of
smaller macromolecules within the compressed tis-
sue. However, prolonging the duration of load
162 J. Steinmeyer et al.: Intermittent loading of cartilage and proteoglycan metabolismincreased markedly the loss of PGs indicating that
intermittent loading also a#ects the production
and/or release of agents involved into cartilage
breakdown. It has been reported that prolonged
compression in vitro increased the rate of PG loss
from the tissue for up to 72 h after the load was
removed [15]. Hydrostatic pressure a#ected pat-
terns of synthesis and release of cathepsins and
their inhibitors, and stimulated the production of
an active cysteine proteinase by articular carti-
lage [42]. Data derived from in-vivo studies
support that the e#ect of load on proteinases and
inhibitors is important in governing the overall
response to load [43].
An increased PG loss during intermittent com-
pressive loading has not been reported by others.
This might be due to the choice of non-porous load
platen used in most of the studies. The use of a
non-porous load platen might have e#ectively
sealed the articular surface, thereby impairing the
release of PGs during the loading cycles. Regard-
ing the drastic loss of chondrocyte viability from
the superficial zone from within normal range at
day 1 to virtually no viable cells at day 6 [25], the
markedly increased PG synthesis at day 3, which
however falls back to previous levels at day 6, and
the matrix swelling and loss of endogenous PGs at
day 6, one is reminded of di#erent stages of degen-
erative cartilage events as reviewed by Mankin
and Brandt [44]: day 3 could represent an early
phase, where PG synthesis is upregulated, and
matrix changes seem still reversible. In contrast,
by day 6, with the increased swelling and the cell
and PG loss, the tissue would have progressed into
irreversibility of damage to matrix and cells, and
therewith would reflect a much later stage of
disease. However, the release of newly synthesized
PGs from explants into the nutrient media was not
a#ected by the applied loads which is in contrast
to findings reported for osteoarthritic cartilage.
On the other hand, we observed a rise in the cell
damage over time in the superficial zone [25] which
might well have resulted in an increased abun-
dance of proteoglycanolytic activity leading to
PG loss from the damaged superficial zone and,
in addition, from a#ected extracellular matrix
beneath this area. This might also explain the
relatively late occurence of PG loss from explants
and also account for the unaltered loss of newly
synthesized PGs. Since the majority of superficial
chondrocytes were a#ected by the applied loads,
the intermediate and deep zone producing the
main bulk of PGs within cartilage might not
have been exposed to proteoglycanolytic activity
derived from the damaged surface.In our experiments, an ion-induced swelling was
observed only in those explants loaded for six days.
This swelling could have been caused by matrix
damage due to the dying surface cells. In addition,
the swelling may be also interpreted as evidence of
functional matrix damage which may be due to
either rupture of critical collagen fibrils [33, 45],
loss of minor collagens or loss of PGs from
explants into the nutrient media. This loosening of
the collagen network as well as the possible
release, activation and/or synthesis of PG degrad-
ing enzymes may have caused the observed
increased release of PGs from explants loaded for 6
days. Further studies are needed to elucidate the
contribution of each of these mechanisms poten-
tially responsible for the observed PG loss. In
addition, we intend to further characterize these
mechanical conditions in order to induce a
degenerative metabolism and morphology similar
to that seen in osteoarthritis using initially
healthy articular cartilage explants to create a
model system approximating degenerative joint
diseases.
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